Background and Objective: Sleep disturbance is a common problem among adults with obesity. Mindfulness interventions have been shown to improve sleep quality in various populations but have not been investigated in adults with obesity. The aim of this study was to compare the effects of a mindfulness-based weight-loss intervention with an active control on self-reported sleep quality among adults with obesity.
Introduction

P
oor sleep is a common medical complaint and is associated with poor health outcomes and significant economic impact. 1, 2 Obesity, which affects approximately 35% of U.S. adults, 3 is associated with increased sleep disturbance. [4] [5] [6] [7] [8] Recent evidence suggests that better sleep quality may increase the likelihood of weight loss, 9 and interventions that improve sleep quality in this population may have important health benefits. Pharmacotherapy for sleep disturbance is limited by side effects, tolerance, and dependence. [10] [11] [12] Mindfulness-based interventions represent a potentially accessible, long-term alternative and have been shown to improve sleep quality among various adult populations, including those with primary chronic insomnia, cancer, and older adults.
Mindfulness interventions aim to strengthen skills for coping with stress and difficult emotions by building nonjudgmental awareness and decreasing ruminative thinking. Mindfulness trains ''metacognitive awareness,'' a state of detached and inclusive awareness in which thoughts and emotions are seen as transient events. 16 This may have a calming effect on cognition, affect, and physiologic arousal and thereby improve sleep. 17 Despite evidence of promise, previous research on the effects of mindfulness on sleep quality has limitations, including small sample sizes and short follow-up. There has also been little investigation of mindfulness-based interventions on sleep among people with obesity. Data from a randomized controlled trial of a mindfulness-based weightloss intervention were used to examine the effects of mindfulness training on self-reported sleep quality among adults with obesity. It was hypothesized that the mindfulness group would show greater improvements in self-reported sleep quality relative to the active control group.
Prior research suggests that time spent practicing mindfulness as well as increases in mindfulness as measured by the Five Facet Mindfulness Questionnaire (FFMQ) are associated with calming effects on cognition and arousal. 18 Therefore, the hypothesis that both FFMQ scores and home mindfulness practice time would be associated with improved sleep in the intervention group was also examined.
Additionally, recent literature has established an association between losing ‡5% of body weight and improvement in sleep. 19, 20 Therefore, the hypothesis that reductions in body mass index (BMI) would be associated with improvements in self-reported sleep quality was tested.
Materials and Methods
Study design
This study was a secondary analysis from the Supporting Health by Integrating Nutrition and Exercise (SHINE) clinical trial (Clinicaltrials.gov: NCT00960414). The University of California, San Francisco (UCSF) Institutional Review Board approved study procedures, and all participants provided written informed consent.
Adults with obesity were randomized to a 5.5-month diet/ exercise intervention with or without mindfulness components in a 1:1 ratio. Participants were assessed at baseline and at 6 (post intervention), 12, and 18 months from intervention initiation. At each time point, participants selfreported sleep quality using the Pittsburgh Sleep Quality Index (PSQI). The primary outcome of this analysis was the difference in changes in mean PSQI global score between groups from baseline to 6, 12, and 18 months.
Participants and participant flow
Eligibility required participants to have a BMI between 30-45 kg/m 2 and to be aged ‡18 years. Participants were recruited for a weight-loss study using newspaper advertisements, online postings, and fliers in the community and at UCSF clinics. Participants were randomized to the mindfulness or active control intervention using a computergenerated random allocation sequence (see main outcomes paper 21 for additional study details).
Intervention
Both interventions included sixteen 2-2.5 h sessions (12 weekly, three biweekly, and one monthly) and one all-day session over approximately 5.5 months. Both groups received identical diet/exercise guidelines, emphasizing modest calorie reduction (500 kcal/day) and increasing daily activity. Sleep content, such as sleep hygiene education or instruction, was not included in either group.
The intervention arm included meditation practices modeled on Mindfulness-Based Stress Reduction (MBSR), 22 mindful eating practices modeled on the Mindfulness-Based Eating Awareness Training program, 23 mindful walking, gentle yoga, and loving-kindness meditation. 24 Home practice included mindfulness practice for up to 30 min a day, including sitting meditation, eating mindfully, gentle yoga, and brief ''mini-meditations'' during daily life. Participants received handouts of course material and audio CDs with guided mindfulness practices. Registered dietitians and experienced mindfulness instructors led the sessions.
In the active control group, a mindfulness approach to stress management was controlled for by including training in progressive muscle relaxation (PMR), although at a lower dose than in the mindfulness intervention. PMR instruction was taught in 4/16 sessions (session 4, session 6, the all-day session, and session 14). The control group also received nutritional and physical activity information, strength training with exercise bands, discussion of societal issues concerning weight loss, snacks, and home activities in order to control for the time, attention, social support, and expectation of benefit that the mindfulness participants may have experienced. Participants were provided handouts as well as an audio CD with PMR instruction for optional home practice. Registered dietitians led the control-arm sessions.
Measurements
Self-reported sleep quality was measured using the PSQI, a widely used and validated 19-item questionnaire of clinical sleep behavior and quality. 25 The total Global Sleep Score can range from 0 to 21. Higher scores reflect more sleep disturbance, and scores >5 represent clinically significant sleep disturbance. 29 The PSQI has high sensitivity (99%) and specificity (84%) for identifying sleep disturbance and has demonstrated good test-retest reliability and validity among adults with sleep disturbance. 26, 27 Participants in the mindfulness group completed home practice logs on the number of minutes spent each day in home mindfulness practice, which included sitting mindfulness meditation (breath-centered meditation with attention to thoughts, feelings, and other body sensations); an extended-exhalation breathing exercise; gentle yoga; and loving-kindness meditation. Mindfulness practice was assessed after the intervention period ended using retrospective report. All meditation practices were examined together as well as sitting meditation specifically. Practice variables were defined for both as average minutes per week during the intervention phase, as well as average weekly minutes during the final intervention week. Average minutes of weekly practice was chosen rather than total minutes of practice in order to be as informative as possible for clinical practice. It was assumed that an association between sleep quality and weekly minutes of practice would be easier to discuss in patient counseling than an association would between sleep quality and total minutes of practice over 5.5 months. Practice variables were examined during the final week of the intervention in order to explore longevity of the impact of mindfulness practice. As the first follow-up PSQI was administered about 2 weeks after the end of the intervention (6 months), the study sought to examine the impact of practice close to the time of PSQI survey completion.
In the control group, home PMR practice was assessed. For comparison purposes, PMR home practice variables were chosen that were consistent with home mindfulness practice variables: average minutes of home PMR practice per week throughout the intervention and during the final week of the intervention.
To assess mindfulness, the FFMQ, 28 a 39-item self-report questionnaire assessing five dimensions of mindfulness (observing, describing, acting with awareness, non-judging, and non-reactivity), was administered at 0, 6, 12, and 18 months. The FFMQ has demonstrated sensitivity to change in mindfulness, increasing as individuals learn and practice mindfulness. 28 For the present analysis, total FFMQ scores were examined.
Sleep apnea was assessed using the Berlin Sleep Questionnaire (BSQ), a validated self-report tool for determining risk of sleep apnea, 29 in order to examine differences in sleep apnea risk (high vs. low risk) between groups.
Statistical analysis
Intention-to-treat analyses were performed. Observed data were analyzed with STATA v14.1 using t-tests to analyze between-and within-group changes in PSQI from baseline to post intervention (6, 12, and 18 months). These analyses of observed data were compared to mixed models that used multiple imputation to replace missing data, based on guidelines for reporting and interpreting results of multiple imputation analyses. 30 Missing data were handled using SAS v9.4 procedures PROC MI and MIANALYZE. Imputation models for each outcome variable included values at other time points, attendance (counting the all-day session as two) and its interaction with arm, and an arm-round interaction term to adjust for clustering effects.
Additionally, linear regression was used to examine variables that were hypothesized to be associated with change in PSQI score from baseline to 6 months (post intervention), including change in mindfulness as measured by the FFMQ, change in BMI, home mindfulness practice (mindfulness group), and home PMR practice (active control group). Timelagged linear regression of the change in PSQI from 6 to 18months was used to examine if practice variables during the intervention period predicted subsequent changes in sleep quality during long-term follow-up.
Results
The trial enrolled 194 adults, 100 of whom were randomized to the mindfulness group and 94 to the control group (Fig. 1) . Participants in the two groups did not significantly differ on socio-demographic or clinical characteristics at baseline ( Table 1 ). The majority of participants were female (80%), white (59%), and well-educated (64% with a bachelor's or advanced degree). At baseline, the mean (SD) age of participants was 47 years (13 yeras), and the mean (SD) BMI was 35.5 kg/m 2 (3.62 kg/m 2 ). The mean (SD) PSQI score was 5.95 (3.00), above the cutoff for clinically significant sleep disturbance.
Of the 194 adults enrolled in the study, 148 (75%) were retained to the final 18-month assessment. Retention was similar for the mindfulness and control participants at 6 months (84% and 77%, respectively), 12 months (79% and 74%, respectively), and 18 months (81% and 71%, respectively). There were no statistically significant between-group differences in use of sleep medications, antidepressants, or diuretics (medications known to affect sleep) at any time points. There were no adverse events throughout the study.
Analyses of observed data showed that between-group differences in mean PSQI change scores were -0.27 at 6 months (-0.68, 1.22; p = 0.58), -0.57 at 12 months (-0.35, 1.50; p = 0.22), and -0.50 at 18 months (-0.53, 1.53; p = 0.34), all in the direction of more improvement in the mindfulness group but none reaching statistical significance ( Table 2) . Mixed-effects models with multiple imputation yielded similar results. Between-group analysis tended to show more sleep improvement in the mindfulness group but with small differences in effect size that were not statistically significant (between-group effect sizes of 0.09 at 6 months, 0.20 at 12 months, and 0.15 at 18 months; see Table 2 ).
The mindfulness group experienced a statistically significant decrease in mean PSQI scores at 6 and 12 months compared with baseline, consistent with improved sleep quality. The active control group also experienced improved sleep quality at 6 and 12 months, but the change was of lower magnitude than the mindfulness group and was not statistically significant at 12 months (Fig. 2) . Neither group had mean changes in PSQI score statistically significantly different from 0 at 18 months.
Within the mindfulness group, during the intervention phase, the mean (SD) number of minutes of practice per week was 42.3 min (30.1 min) for sitting practice and 71.3 min (50.9 min) for all meditation practices. Univariate linear regression showed that average minutes per week of all meditation practices as well as sitting meditation during the intervention phase was statistically significantly associated with improvement in sleep quality from baseline to 6 months (i.e., post-intervention; Table 3 ). Sitting practice during the final week of the 5.5-month intervention was also significantly associated with improved sleep. Increased FFMQ scores were associated with improved sleep quality. In time-lagged linear regression, meditation practice during the intervention period (0 to 5.5 months) was not a statistically significant predictor of improvement in sleep quality from 6 to 18 months. However, the average minutes of meditation per week from 15 to 18 months was associated with statistically significantly improved sleep quality from 6 to 18 months (regression coefficient -0,071; 95% confidence interval -0.129, -0.013; p = 0.017).
Within the active control group, the mean (SD) minutes of PMR practiced at home per week was 7.9 min (10.0 min). Univariate linear regression showed that average minutes of PMR practice per week during the intervention was not statistically significantly associated with improved sleep quality from baseline to 6 months (Table 3) . However, average minutes of PMR practice during the last week of the intervention period was statistically significantly associated with improvement in sleep quality. Time-lagged regression showed that PMR practice did not predict improved sleep from 6 to 18 months.
Both groups experienced reduction in BMI, but change in BMI from 0 to 6 months was not associated with change in sleep quality from 0 to 6 months or from 6 to 18 months (time-lagged analysis) in either group (Table 3) .
Discussion
Data were analyzed from a randomized controlled trial of a mindfulness-based weight-loss intervention to examine the effects of mindfulness training on self-reported sleep quality among adults with obesity. The main findings showed no significant improvement in sleep quality between the mindfulness group and the active control group, despite a statistically significant improvement in sleep within the mindfulness group from baseline to 6 and 12 months.
While the improvements observed in sleep quality from baseline in the mindfulness group are generally similar to those observed in other studies, the between-group differences in sleep quality observed are smaller than some other reports of mindfulness and behavioral interventions. 33 For example, in a randomized controlled trial among older adults, Black et al. showed that participants in a 6-week mindfulness intervention experienced significant improvement in sleep quality compared with a control group receiving sleep hygiene education, with a between-group effect size of 0.89. 14 The larger effect seen suggests that sustained mindfulness practice over the period being assessed may be important for effects on sleep. The Black et al. study incorporated weekly 2 h mindfulness sessions plus daily home practice and assessed change in sleep quality within 10 days after the 6-week period. Participants had a mean meditation practice time of about 172 min per week. In contrast, the present intervention was spread out over 5.5 months, and sleep quality was assessed at 6 months at the earliest, providing a potentially important lapse in mindfulness practice between intervention and assessment. Additionally, participants in the mindfulness group practiced mindfulness at home for an average of 71 min per week. This lessconcentrated dose of meditation may have contributed to the smaller effect. Indeed, most other studies suggesting the benefits of mindfulness for improving sleep quality are modeled after MBSR, and thus are usually 6 or 8 weeks in duration and more concentrated than the present intervention. 13, 34 More research to elucidate the relationship between the length, concentration, and dose of mindfulness and impact on sleep quality would clarify this relationship. In addition, the current results show a waning of benefits over time within the mindfulness group, suggesting the importance of long-term follow-up to assess durability of effects in future studies. This potential relationship between the concentration of the dose of mindfulness practice and the effect is especially pertinent in light of the findings on the association between mindfulness as measured by the FFMQ and mindfulness practice time with improved sleep. It was found that increased self-reported mindfulness as well as average minutes of weekly meditation practice and sitting mindfulness meditation practice during the first 6 months of the study was associated with improvements in sleep quality from baseline to 6 months. It was also found that the average minutes of sitting meditation in the last week of the 5.5-month intervention was associated with improved self-reported sleep quality at 6 months. However, meditation practice during the first 6 months was not clearly associated with improved sleep from 6 to 18 months. In contrast, average minutes of meditation practice per week from 15 to 18 months after intervention initiation was significantly associated with improved sleep quality at 18 months. Taken together, these findings suggest that the benefits of mindfulness training for sleep quality depend on continued practice.
Some studies have observed a modest association between weight loss and improved sleep. 19 An association between a According to the Berlin Sleep Questionnaire, a patient is considered high risk if there are two or more of three categories in which the score is positive (categories are: snoring/sleep behavior, daytime sleepiness, and BMI/history of hypertension).
b Five Facet Mindfulness Questionnaire, total score from sum of five subcomponents. These baseline FFMQ scores are comparable to other total FFMQ scores among adults shown in recent studies. A 2016 study of 80 American adults with osteoarthritis showed a baseline total FFMQ score of 142.8 -16.6. 31 Another 2016 study of 305 Dutch adults aged 16-65 years showed a baseline total FFMQ score of 128.24 -15.58. 32 SD, standard deviation; PSQI, Pittsburg Sleep Quality Index; BMI, body mass index. Decrease in mean PSQI score (negative change score) indicates improved sleep quality from baseline. Independent t-tests were used to compare means between arms using observed data (left columns). These analyses were compared with mixed models using multiple imputation to replace missing data (right columns). Imputation models for each outcome variable included values at other time points, attendance (counting the all-day session as two) and its interaction with arm, and an arm-round interaction term (ROUNDARM) to adjust for clustering effects. Analyses used univariate linear regression. Note that negative regression coefficient generally denotes that the independent variable predicts improved sleep quality (decrease in PSQI score indicates improved sleep quality). Statistically significant p-values (<0.05) are shown in bold.
a Total meditation practice denotes the sum of minutes of any intervention meditation activities, including abdominal breathing, loving kindness meditation, meditation, and gentle yoga.
b Sitting mindfulness meditation practice denotes the sum of minutes spent in sitting breath-centered meditation. This practice invited participants to bring attention to breathing sensations as the recurring focus of attention and to notice without judgment other physical sensations, sounds, thoughts, and feelings that arise in awareness with an attitude of kindness towards oneself.
FFMQ, Five Facet Mindfulness Questionnaire; PMR, progressive muscle relaxation.
Despite the lack of clear differences between groups, the mindfulness group reported statistically significant improvements in sleep quality from baseline to 6 and 12 months. While the effect was modest, the improvement was clinically meaningful, with the mean PSQI dropping from 5.81 at baseline to 4.08 at 6 months (i.e., below the cutoff for clinically significant sleep disturbance).
In light of the lack of significant differences between groups, it is important to note that the active control group included several components that may have contributed to improvements in sleep quality, particularly the incorporation of PMR. PMR practice during the last week of the intervention period was significantly associated with improvement in sleep quality from baseline to 6 months. This suggests that, similar to meditation practice, PMR may improve sleep quality when it is practiced, but only with a short-term effect. The potential benefit of PMR on sleep quality is consistent with prior studies showing improved sleep with PMR compared to no or sham treatment. 35, 36 This study has several limitations. First, changes in sleep may have been complemented by polysomnography or actigraphy. Second, this was primarily a weight-loss, not sleep, intervention. A mindfulness intervention aimed at improving sleep and powered to detect differences in sleep quality may have shown stronger effects. Third, the trial lacked a notreatment arm that did not receive any stress-reduction or relaxation training. A no-treatment arm may have identified the extent to which sleep improvement in either group was due to more general effects of group participation or behavior changes for weight loss, rather than specifically due to mindfulness or PMR practice. Finally, while the study sample was fairly diverse, the predominance of white, welleducated, and female participants places some limits on the generalizability of the results.
Conclusions
This study did not find statistically significant evidence that a mindfulness-based weight-loss program improved self-reported sleep quality compared to a control diet/exercise intervention that included PMR. However, increases in mindfulness and average weekly minutes of mindfulness practice were associated with improved sleep quality.
